O,N-coordinated Ni(II) beta-diketonate derivatives: Synthesis, thermal properties, MOCVD applications  by Zharkova, G.I. et al.
Surface & Coatings Technology 230 (2013) 290–296
Contents lists available at SciVerse ScienceDirect
Surface & Coatings Technology
j ourna l homepage: www.e lsev ie r .com/ locate /sur fcoatO,N-coordinated Ni(II) beta-diketonate derivatives:
Synthesis, thermal properties, MOCVD applications
G.I. Zharkova a,⁎, S.I. Dorovskikh a,⁎, S.V. Sysoev a, I.P. Asanov a, A.V. Panin b, N.B. Morozova a, I.K. Igumenov a
a Nikolaev Institute of Inorganic Chemistry, Siberian Branch of Russian Academy of Sciences, pr. Lavrentiev 3, Novosibirsk 630090, Russia
b Institute of Strength Physics and Materials Science, Siberian Branch of Russian Academy of Science, Tomsk, Russia⁎ Corresponding authors. Tel.: +7 383 3309556; fax:
E-mail addresses: reter16@yandex.ru (G.I. Zharkov
(S.I. Dorovskikh).
0257-8972 © 2013 The Authors. Published by Elsevier






Ni-containing ﬁlmsNi(II) β-diketonate derivatives – β-iminoketonates with general formula Ni(RC(O)CHC(NH)R1)2 (R = R1 = CH3,
C(CH3)3; R = CF3, R1 = CH3, C(CH3)3; R = C(OCH3)(CH3)2, R1 = CH(CH3)2, C(CH3)3) and Ni(1,3-
diaminopropane)(R2C(O)CHC(O)R3)2 (R2 = C(CH3)3, R3 = CF3, C(CH3)3) – were synthesized with high
yields. The products are stable to air andmoisture, and soluble inmost common organic solvents. Elemental anal-
ysis, X-ray studies, and IR spectroscopy were used to characterize the synthesized compounds. The thermal prop-
erties of the compounds in the solid state were investigated by means of TG. The temperature dependence of the
saturated vapor pressures was studied using the ﬂow method. Thermodynamic parameters of the vaporization
process, ΔHТ* and ΔS°Т*, were calculated. MOCVD test experiments were carried out at low pressure (10 Torr)
on Ta/Si substrates using Ni(i-tmhd)2 and Ni(pda)(tmhd)2 (i-Htmhd— 2,2,6,6-tetramethyl-4-imino-heptane-2-on,
pda — 1,3-diaminopropan, Htmhd — 2,2,6,6-tetramethyl-heptane-3,5-dion) as precursors. The vaporization
temperatures were 120 °C for Ni(pda)(tmhd)2 and 155 °C for Ni(i-tmhd)2. The substrate temperatures were
210–350 °C. The Ni-containing ﬁlms were investigated by means of X-ray diffraction analysis, SEM, and XPS.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Ni thin ﬁlms are of signiﬁcant interest for numerous areas of science
and applications. Due to their particular properties (e.g. high resistance
to oxidation and corrosion and low electrical resistivity) Ni thin
ﬁlms are widely used in electronics for the metallization of ferrites
and n-type SiC [1–3], and as selective absorbers for solar thermal
energy conversion [4]. The coatings formed from the composite Ni/CrN
are widely used in the nuclear industry [5,6], while Ni/TiO2 [7,8]
and Ni/YSZ composites [9] are employed for catalysis and electronics.
Co/Ni thin ﬁlms are also applied in magnetic storage devices due to
their particularly high/large magnetoresistance [10].
Among the wide variety of techniques available to deposit Ni thin
ﬁlms (e.g., r.f. sputtering, pulsed laser deposition, laser ablation, elec-
trodeposition, sol–gel, and physical vapor deposition), metal-organic
chemical vapor deposition (MOCVD) provides precise control of the
ﬁlm composition [11] and uniform coverage of the substrate surface
in the case of non-planar device geometries. However, the choice of
MOCVD precursors is an important scientiﬁc problem because the+7 838 3309489.
a), Zharkova@niic.nsc.ru
B.V. Open access under CC BY-NC-NDdeposition parameters and ﬁlm characteristics strongly depend on
the precursor's properties, with composition, volatility, and thermal
stability being of greatest signiﬁcance.
A great number of works are dedicated to the use of Ni(II)
β-diketonates as MOCVD precursors for Ni and NiO ﬁlm deposition
[12–17]. However, these compounds have a tendency to form oligo-
meric structures [17], a phenomenon that can be suppressed by adding
substituents of substantial steric bulk to the ligand; for example as done
in Ni(tmhd)2.
Recently, some authors [18,19] have established the stability of O,
N-coordinated Ni(II) complexes to air, the absence of polymerization
during storage, and comparatively higher volatility than that of O,
O-coordinated analogs. With this in mind, two approaches have
been proposed to design similar Ni(II) β-diketonate derivatives. In
the framework of the ﬁrst method, the oxygen atom in the ligand
is replaced with the nitrogen, producing Ni(II) β-iminoketonates.
The second method exploits the concept of changing the Ni coordina-
tion numbers from 4 to 6 by addition of neutral diamine ligands.
For instance, some authors [20,21] have shown that the complexes
Ni(diamine)(β-diketonate)2 and Ni(diamine)(CF3COO)2 can be used
as MOCVD precursors for the deposition of Ni3C ﬁlms. Other authors
reported the use of Ni(tmeda)(tta)2 (Htta — 2 thenoyl-triﬂuoroacetone,
tmeda — tetramethylendiamine) complex for NiO ﬁlm deposition [22].
In this work, we tried to combine both synthetic approaches
mentioned above and to subsequently compare the structural and
thermal properties of Ni(II) O,N-coordinated β-diketonate deriva-
tives. Two complexes, viz., Ni(i-tmhd)2 and Ni(pda)(tmhd)2, were license.
291G.I. Zharkova et al. / Surface & Coatings Technology 230 (2013) 290–296also tested as MOCVD precursors, and deposited ﬁlms were
characterized.
2. Experimental section
2.1. Synthesis and identiﬁcation of Ni(II) complexes
According to the method developed by us [23], the series of Ni(II)
iminoketonates, with the general formula Ni(RC(NH)CHC(O)CR1)2
(Scheme 1), namely, Ni(i-acac)2, Ni(i-tmhd)2, Ni(i-tfac)2, Ni(i-ptac)2,
(i-Hacac — 4-imino-pentane-2-on, i-Htfac — 1,1,1-triﬂuoro-4-imino-
pentane-2-on, i-Htfac — 1,1,1-triﬂuoro-5,5-dimethy-L-4-amino-hexane-
2-on) were obtained with high yields (90%) and both Ni(i-L1)2 and
Ni(i-L2)2 (Hi-L1 — 2-methoxy-2,6,6-trimethyl-3-imino-heptane-5-on,
Hi-L2 — 2-methoxy-2,6-dimethyl-3-imino-heptane-5-on) were synthe-
sized for the ﬁrst time. All of these Ni(II) chelates could be prepared by
the reaction between NiCl2 and the potassium salt of the corresponding
ligand in methanol solution under heating at 60 °C for 1 h. The red–
brown precipitates were rapidly formed. The products were extracted
by CHCl3 and then puriﬁed by sublimation at P = 10−2 Torr and t =
160–200 °C.
Two octahedral compounds, Ni(pda)(tmhd)2 and Ni(pda)(pfac)2
(Hptac — 1,1,1-triﬂuoro-5,5-dimethyl-hexane-2,4-dion), were syn-
thesized according to the method [24] by the interaction of NiCl2
with the appropriate K(β-diketonate)2 in methanol solution under
stirring for 1 h. After that, pda was added in excess, and the green–blue
precipitates were formed. The products were air dried and then puriﬁed
by sublimation at P = 10−2 Torr and t = 100–120 °C. All Ni(II) com-
pounds were found to be stable to moisture and air, and soluble in
most common organic solvents.
Elemental analysis was performed using a Carlo Erba 1106 instru-
ment. The IR spectra were recorded in KBr with a SCIMITAR FTS 2000
spectrometer over the region of 4000–400 cm−1. X-ray crystallographic
data were collected on a Bruker–Nonius X8Apex instrument [25]. Melt-
ing points were determined using a Koﬂerm.p. apparatus.
2.1.1. Synthesis of Ni compounds
Ni(i-acac)2 (yield 85%),m.p.: 202–204 °C; Anal. Calc. for C10H16O2N2Ni
(M = 254.71 g mol−1): C, 47.0; H, 6.3; N, 11.0/ Found: C, 46.9; H, 6.4;
N, 10.8; IR (ν, cm−1): ν(C_O) 1592.4, 1523.2(s), ν(С_C) 1434.1 (m),
ν(NH) 3287.3(s).
Ni(i-tmhd)2 (yield 85%), m.p.: 267–268 °C; Anal. Calc. for
C22H40O2N2Ni (M = 422.67 g mol−1): C, 62.4; H, 9.5; N, 6.6/ Found:
C, 62.5; H, 9.4; N, 6.5; IR (ν, cm−1): ν(C_O) 1587.5(vs), 1496.9(vs),
ν(С_C) 1431.3 (m), ν(C\CH3) 1357.6(m), ν(NH) 3366.3(m).
Ni(i-tfac)2 (yield 90%),m.p.: 202–204 °C; Anal. Calc. for C10H10O2N2F6
Ni (M = 338.55 g mol−1): C, 33.1; H, 2.8; N, 7.7/ Found: C, 33.3; H, 3.0;
N, 7.6; IR (ν, cm−1): ν(C_O) 1620.0, 1545.0(vs), ν(С\F) 1485.2 (m),
ν(С_C) 1375 (m), 1350 (m), ν(NH) 3345.3(s).
Ni(i-ptac)2 (yield 90%),m.p.: 186–187 °C; Anal. Calc. for C16H22O2N2F6
Ni (M = 447.07 g mol−1): C, 42.9; H, 4.9; N, 6.3/ Found: C, 42.7; H, 4.7;
N, 6.4; IR (ν, cm−1): ν(C_O) 1602.4–1503.4(vs), ν(С-F) 1474.7 (m),
ν(С_C) 1377.0 (m), ν(NH) 3360.2(m).Scheme 1. General formulae oNi(i-L1)2 (yield 90%),m.p.: 217–218 °C; Anal. Calc. for C22H40O4N2Ni
(M = 454.07 g mol−1): C, 58.0; H, 8.8; N, 6.1/ Found: C, 57.6; H, 8.9;
N, 6.3;. IR (ν, cm−1): ν(C_O) 1596.0–1500.0(vs), ν(С_C) 1407.0
(m), ν(O\CH3) 2826.5(m), ν(NH) 3345.1(m).
Ni(i-L2)2 (yield 90%),m.p.: 181–182 °C; Anal. Calc. for C20H36O4N2Ni
(M = 427.22 g mol−1): C, 56.2; H, 8.4; N, 6.5/ Found: C, 55.8; H, 8.3;
N, 6.7; IR (ν, cm−1): ν(C_O) 1600.0–1510.0(vs), ν(С_C) 1385.7 (m),
ν(O\CH3) 2830.0(m), ν(NH) 3345.7(m).
Ni(pda)(tmhd)2 (yield 80%), m.p.: 158–159 °C; Anal. Calc. for
C25H48O4N2Ni (M = 499.36 g mol−1): C, 60.1; H, 9.6; N, 5.6/ Found:
C, 60.2; H, 9.5; N, 5.5; IR (ν, cm−1): ν(C_O(C_H), C_O + С_C)
1587.0(vs), 1503.4(s), ν (NH2)as 3300.9(m), ν (NH2)s 3279.7(m),
ν(C-CH3) 1388.3(m), 1356.7(s).
Ni(pda)(pfac)2 (yield 85%), m.p.: 148–149 °C; Anal. Calc. for
C19H30N2O4F6Ni (M = 533.20 g mol−1): C, 43.2; H, 5.8; N, 5.6/ Found:
C, 43.1; H, 5.9; N, 5.7; IR (ν, cm−1): ν(C_O(C_H), C_O + С_C)
1569.5(vs), 1548.4(s), ν(NH2)as 3302.1(m), ν(NH2)s 3276.2(m),
ν(C\CH3) 1388.3(m), ν(CF) 1422.1(m).
The thermal properties of the compounds in the solid state were
studied by means of differential thermal analysis using the NETZSCH
STA 409 PC/PG device. The experiments were performed under helium
ﬂow(20–40 ml/min) and in airwith a heating rate of 10°С/min over the
temperature range of 50–300 °С; standard open crucibles were used.
The temperature dependence of the saturated vapor pressure for each
complex was measured using the static and ﬂow methods [26,27].
The experimental data were processed [28] and represented as equa-
tions, lnP = B − A/T. The standard thermodynamic parameters НТ*
(enthalpy) and S°Т* (entropy) of the vaporization processes were calcu-
lated (Table 1).
2.2. Deposition procedures
Two compounds, Ni(i-tmhd)2 and Ni(pda)(tmhd)2, were used
as precursors for Ni-containing ﬁlm deposition. MOCVD experiments
were carried out in a vertical reactor (for a similar reactor, see Ref.
[29]) at reduced pressure (10 Torr) using H2 as a reactant gas (ﬂow
rate = 33 ml/min) and Ar as a carrier gas (ﬂow rate = 16 ml/min).
The ﬁlms were deposited on Ta/Si substrates. Vaporization tempera-
ture (Tvap) was 155 °C for Ni(i-tmhd)2 and 120 °C for Ni(pda)(tmhd)2.
The substrate temperatures (Ts) for both precursors were varied from
210 to 350 °C. All experiments were conducted over a two-hour period.
All the ﬁlm deposition parameters and characteristics are summarized
in Table 2.
X-ray diffraction analysis (XRD) of the samples was performed
on a DRONRM4 diffractometer (CuKα radiation, graphite monochro-
mator, ambient temperature). SEM investigations were carried out
using a JEOL-JSM 6700F scanning electron microscope connected to
an EX-2300BU EDX-analyzer. The surface morphology of ﬁlm samples
was investigated with a Solver HV atomic force microscope. The elec-
trical resistance of ﬁlms was measured by a four-probe dc method.
X-ray photoelectron spectra (XPS) were measured on a Phoibos-150
SPECS spectrometer with Al Kα monochromatized X-ray excitation.
Ion sputtering was performed using Ar+ ions with energy of 1 keVf nickel iminoketonates.
Table 1
Thermodynamic parameters of vaporization processes for Ni(II) β-diketonate derivatives.






1 Ni(i-tfac)2 Sublimation 25.65 13516 112 ± 2 213 ± 4 373–453
2 Ni(i-ptac)2 Sublimation 25.15 13366 111 ± 2 209 ± 4 373–453
3 Ni(i-ptac)2 Evaporation 15.73 9052 75 ± 3 131 ± 6 463–488
4 Ni(pda)(pfac)2 Evaporationa 15.20 15564 129 ± 6 126 ± 15 423–463
5 Ni(pda)(tmhd)2 Sublimation 27.64 14935 124 ± 4 230 ± 10 382–428
6 Ni(i-acac)2 Sublimation 24.73 14196 118 ± 3 206 ± 5 402–515
7 Ni(i-L1)2 Sublimation 26.87 15615 130 ± 2 223 ± 4 412–463
8 Ni(i-tmhd)2 Sublimation 26.24 15517 129 ± 3 218 ± 5 423–493
T* = the average interval of temperature.
a Static technique.
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when a steady composition was attained.3. Results and discussion
3.1. Single crystal structures
Analysis of some structural parameters of Ni(II) complexes with
different coordination numbers was carried out using Ni(i-tmhd)2
[30], Ni(i-ptac)2 [31], Ni(pda)(tmhd)2 [32] and Ni(pda)(ptac)2 as exam-
ples [33]. All structures ofNi(II) chelates consist of neutralmolecules (oc-
tahedral Ni(pda)(β-diketonate)2 or square planar Ni(β-ketoiminato)2)
formed by bidentate ligands (pda, tmhd(−), ptac(−), i-tmhd(−), i-
ptac(−)) and the Ni atom. In accordance with crystal ﬁeld theory, the
Ni2+ center adopts the low spin state (singlet) in planar coordination
complexes, and the high spin state (triplet) in the octahedral environ-
ment, which results in the chelate bond differences. The Ni\O and
Ni\N bond lengths in the planar complex [30,31] are shorter than
those in the octahedral complex by ~0.2 Å [32,33]. On the other hand,
the C–O distances in Ni(β-ketoiminato)2 are only slightly longer than
in Ni(pda)(β-diketonate)2, differing by 0.02–0.03 A.
In the structures of Ni(i-tmhd)2 and Ni(i-ptac)2 (Fig. 1a, b), mole-
cules are packed in a similar, layered manner, with the shortest Ni…
Ni distances measuring 8.49 and 9.16 Å, respectively. Intermolecular
hydrogen bonds are absent in both structures. In comparison with
Ni(β-ketoiminato)2, the crystal structure of Ni(pda)(tmhd)2 consists
of pairs of molecules. Molecules of Ni(pda)(ptac)2 form inﬁnite chains
due to the presence of intermolecular hydrogen bonds in the structure
(Fig. 1c, d).
There are two symmetrically independent N\H…O type inter-
molecular hydrogen bonds in the crystal structure of Ni(pda)(tmhd)2,
which fall within the range of 3.024–3.100 Å. The intermolecular
N-H…O distances in the crystal structure of Ni(pda)(ptac)2 are within
the range 2.11–2.35 Å. It should also be mentioned that both
Ni(pda)(thmd)2 and Ni(pda)(ptac)2 have similar packing coefﬁcients,
0.59 and 0.57, respectively.Table 2
MOCVD parameters and Ni-containing ﬁlm characteristics.
Deposition conditions (P — 10 Torr,
H2 — gas-reactant, Ar — gas-carrier, τ = 2 h)
Composition
XRD data
Ni(i-tmhd)2 Tevap = 155 °C, Ts = 270 °C fcc-Ni, Ni3C
Tevap = 155 °C, Ts = 290 °C fcc-Ni, Ni3C
Tevap = 155 °C, Ts = 310 °C fcc-Ni, Ni3C
Tevap = 155 °C, Ts = 350 °C fcc-Ni
Ni(pda)(tmhd)2 Tevap = 120 °C, Ts = 210 °C fcc-Ni
Tevap = 120 °C, Ts = 230 °C Ni3C, fcc-Ni
Tevap = 120 °C, Ts = 270 °C Ni3C, fcc-Ni
Tevap = 120 °C, Ts = 300 °C Ni3C, fcc-Ni3.2. Thermal properties
The TG curves for the series of Ni(β-ketoiminato)2 in a He atmo-
sphere are shown in Fig. 2 a.
In the series of Ni(β-ketoiminato)2 the most volatile complexes
are Ni(i-ptac)2 and Ni(i-tfac)2. This fact may be attributed to the
strong repulsion between the CF3 groups in the crystal structures of
these complexes. Previously, we found that the introduction of CF3
groups led to the increased volatility of several β-diketonate deriva-
tives [34]. As compared with other Ni(b-ketoiminato)2, the change
of the coordination number of the Ni atom to 6 leads to an increase
in the volatility of Ni(pda)(tmhd)2 contrasting a decrease in the volatil-
ity of Ni(pda)(ptac)2 from the same change, (Fig. 2b). It was noted that
both octahedral complexes have very similar volatility, probably due
to their structural features as discussed above. Short intermolecular
hydrogen bonds observed in the structure of Ni(pda)(ptac)2 are likely
to decrease the volatility of the complex [13]. The temperature
corresponding to 50% mass loss are: Ni(i-ptac)2— 189 °C; Ni(i-tfac)2
— 196 °C; Ni(pda)(ptac)2 — 223 °C; Ni(pda)(tmhd)2 — 224 °C;
Ni(i-acac)2 — 232 °C; Ni(i-L1)2 — 238 °C; Ni(i-tmhd)2 — 247 °C and
Ni(i-L2)2 — 253 °C.
All compounds under study pass to the gas phase in a single
step without decomposition under experimental conditions. Based on
DTG data, each Ni(II) chelate has only one endothermic peak which is
associated with the melting process.
3.3. Vapor pressure
Experimental results of P/T dependence measurements for Ni(II)
complexes and thermodynamic parameters of vaporization processes
are listed in Table 1. The series of Ni(II) β-iminoketonates with
various substituents in the ligand allows us to determine the effects
of end groups and their combinations on the volatility of complexes
in more detail (Fig. 3). In the series of compounds studied at the
same temperature (454 K), the volatility of the compounds changes
over an order of magnitude of 1.5. The most volatile complexes are




60 90 ± 20
110 120 ± 20
90 160 ± 20
140 370 ± 20
35 360 ± 20
40 380 ± 20
70 330 ± 20
90 260 ± 20
Fig. 1. The molecule packing in crystals: a) Ni(i-tmhd)2, b) Ni(i-ptac)2, c) Ni(pda)(tmhd)2, d) Ni(pda)(ptac)2 viewed along the a axis.
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that Ni(i-tfac)2, Ni(i-ptac)2, Ni(pda)(ptac)2 and Ni(i-L1)2 can exist as
trans- and cis-isomers, whichmay affect the volatility of the complexes.
The curves for the series of ﬂuorine-free Ni(II) compounds fall into a
rather narrow temperature range (408–441 K). It is interesting to in-
vestigate the effect of alkyl substituents (\CH3,\C(CH3)3) on complex
volatility. Ni(i-acac)2 is the most volatile complex and has a pressure of
0.1 Тоrr at 421 K. Replacement of the C(CH3)3 by a C(OCH3)(CH3)2
group leads to an increase in complex volatility: Ni(i-L1)2 is more
volatile than Ni(i-tmhd)2 (0.1 Тоrr at 437 K for Ni(i-L1)2 and 441 K
for Ni(i-tmhd)2).
It is interesting to compare the effect the nature of the ligand
has on the volatility across the series Ni(pda)(tmhd)2, Ni(i-tmhd)2
and Ni(tmhd)2 [35]. The addition of diamine ligand leads to an in-
crease in complex volatility, whereas the replacement of the oxygen
atom by \NH results in decreased volatility (0.1 Тоrr at 408 K for
Ni(pda)(tmhd)2, 441 K for Ni(i-tmhd)2 and 419 K for Ni(tmhd)2).
Moreover, Ni(pda)(tmhd)2 is the most volatile complex in the seriesFig. 2. T/G curves for a) row of Ni(β-ketoiminato)2 compounds: Ni(i-tfac)2 (1), Ni(i-ptac)
Ni(i-ptac)2 (2), Ni(pda)(ptac)2 (7), Ni(pda)(tmhd)2 (8) and Ni(i-tmhd)2 (5).of ﬂuorine-free Ni(β-ketoiminato)2. The estimated volatility sequence
was correlated to TG data.
Thus, P/Tmeasurements for Ni(II) compounds have shown substan-
tial differences in vapor pressure of the chelates that depend on the end
substituents in the ligand. The addition of electron-withdrawing sub-
stituents to the ligands, especially CF3-groups, leads to a signiﬁcant
increase in the volatility of theNi complexes. The change of Ni coordina-
tion number from 4 to 6 also leads to an increase in the volatility
in the case of Ni(pda)(tmhd)2. The increasing volatility of octahedral
Ni β-diketonate derivatives as compared to Ni β-diketonates, along
with some other planar nickel complexes, is typical for Ni chelates
[20,22,24,32]. However, the volatility of Ni(pda)(ptac)2 is lower than
for Ni(i-ptac)2, which can be explained by the presence of short
intermolecular contacts in the structure of Ni(pda)(ptac)2. The Ni
iminoketonates and octahedral Ni complexeswith 1,3-diaminopropane
are more volatile as compared to O,O-coordinated analogs [36] and
only Ni(tmhd)2 (due to it monomeric nature) is more volatile than
Ni(i-tmhd)2.2 (2), Ni(i-acac)2 (3), Ni(i-L1)2 (4), Ni(i-tmhd)2 (5), Ni(i-L2)2 (6); b) T/G curves for
Fig. 3. P/T dependencies for compounds: Ni(i-tfac)2 (sub.) (1), Ni(i-ptac)2 (sub.)
(2), Ni(i-ptac)2 (evap.) (3), Ni(pda)(pfac)2 (evap.) (4), Ni(pda)(tmhd)2 (sub.)
(5), Ni(i-acac)2 (sub.) (6), Ni(i-L1)2 (7), Ni(i-tmhd)2 (sub.) (8).
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Two compounds, Ni(pda)(tmhd)2 and Ni(i-tmhd)2, were tested
as MOCVD precursors for the deposition of Ni-containing ﬁlms,
with Ni(i-tmhd)2 being used initially. Experiments were performed
to evaluate the inﬂuence of different O,N-coordinated Ni(II) precur-
sors on the composition and structure of the ﬁlm. MOCVD parameters
were chosen on the basis of the analysis of the thermal behavior
of each compound in the solid and gas phase. The vaporization tem-
perature was chosen using P/T dependencies, attempting to provide
equivalent mass transfer from the evaporator to the deposition zone
for each substance.
Based on XRD data, samples deposited from Ni(i-tmhd)2 consisted
mainly of an fcc-Ni phase with a peak at 2θ = 44.3○ (111) (Fig. 4).
However, broadening of the peaks over the range of 2θ = 44.3○ -
44.9○ was observed for Ni-containing samples deposited at Ts = 270–
310 °С. It should be noted that peak broadening can be related to the
formation of an amorphous Ni carbide phase. The sample deposited at
Ts = 350 °С consists of an fcc-Ni phase with peaks at 2θ = 44.3○
(111) and 51.9○ (200). Moreover, an increase in Ts results in the in-
creased amount of the fcc-Ni phase. However, a further increase of Ts
up to 400 °C leads to decomposition of the precursor vapor and sub-
sequent formation of carbon powder on the sample surface. According
to SEM, the average grain sizes for the four samples deposited from
Ni(i-tmhd)2 varies from 60 to 140 nm.Fig. 4. a)XRD patterns of ﬁlm samples deposited from Ni(i-tmhd)2 and bFilms deposited from Ni(pda)(tmhd)2 are two-phase systems in
which the major crystal phase is a solid solution consisting of Ni3C
(JCPDS 72-1467) with peaks at 2θ = 39.5° (110), 41.8° (006), 44.9°
(113), 59.0° (116) and a secondary fcc-Ni crystal phase. Previously, we
studied the composition of nickel ﬁlms deposited from Ni(pda)(tmhd)2
by means of EXAFS [32]. We established that a decrease in Ts down to
210 °C leads to the formation of a one-phase ﬁlm composed of fcc-Ni.
To investigate the effect of the precursor on ﬁlm composition,
two samples were deposited from both precursors under the same
MOCVD conditions: Tvap = 120 and 155 °C, Ts = 270 °C (average
vapor pressure was 3 10−2 Torr for both precursors). The C1s, O1s,
Ni2s, Ni2p1/2, Ni2p3/2, Ni3s and Ni3p peaks were observed in XPS spec-
tra of the ﬁlm surface. XPS analysis registered surface contamination as
expected. The C1s and O1s peaks appear at 285.3 and 531.0 eV, respec-
tively, prior to sputtering ﬁlms with Ar+. Fig. 5 (a, b) shows the XPS
spectra of Ni ﬁlms after etching with Ar+ for 8–10 min.
The XPS spectra of Ni2p have shown that themajor peak at 852.7 eV
(metallic Ni) was observed in both samples after etching for 8–10 min.
The presence of insigniﬁcant contamination with a Ni3C phase
(283.3 eV) was observed in the samples, as suggested by the C1s
spectra. Two other carbon-containing fragments at 284.2 and 285.8 eV
are probably the products of ligandpyrolysis, and they are not chemically
bound to Ni.
Depth proﬁling curves were employed to investigate sample purity
(Fig. 5c, d). According to XPS data, the sample deposited fromNi(i-tmhd)2
is less contaminated by oxygen impurity, as compared with the sample
deposited fromNi(pda)(tmhd)2. The C/Ni ratiowas 0.20 and 0.18 for sam-
ples deposited from Ni(i-tmhd)2 and Ni(pda)(tmhd)2, respectively. The
obtained results were correlated with XRD analysis data and with the re-
sults described previously [32].
One of the areas of Ni and Ni-C ﬁlm application is the development
of materials for advanced applications [37]. For this purpose, Ni
ﬁlm deposited from Ni(pda)(tmhd)2 at Ts = 210 °C was investigated.
This ﬁlm demonstrated a ﬁne-grained surface relief with average
grain size equal to 35 nm, and low resistivity (0.3182⋅10−6 Ω ∗ m).4. Conclusion
The series of O,N-coordinated Ni(II) complexes was prepared and
two Ni(i-L1)2 and Ni(i-L2)2 complexes were synthesized for the ﬁrst
time. All investigated compounds are stable to air and moisture.
Ni(II) compounds are viable precursors for Ni MOCVD due to their
sufﬁcient volatility and thermal stability. The dependence of the
vapor pressure of Ni(II) iminoketonates on the end substituents
in the ligand was established. The effect of donor atoms on a complex's
volatility was established. The replacement of the oxygen atom by
an NH-group results in a decrease in the volatility of Ni(i-tmhd)2, as) SEM image of sample deposited from Ni(i-tmhd)2 at Ts = 270 °C.
Fig. 5. XPS spectra (a, b) and depth proﬁling curves (c, d) of Ni samples after etching with argon ion: (a, c) for sample deposited from Ni(i-tmhd)2 and (b, d) sample deposited from
Ni(pda)(tmhd)2.
295G.I. Zharkova et al. / Surface & Coatings Technology 230 (2013) 290–296compared with Ni(tmhd)2. The change of the Ni coordination number
from4 to 6 leads to an increased volatility in the case of Ni(pda)(tmhd)2,
but a decreased volatility in the case of Ni(pda)(ptac)2. This discrepancy
can be explained by the presence of short intermolecular contacts in the
structure of Ni(pda)(ptac)2. Depending on the nature of the end
substituents of the ligand, the volatility in the series of investigated
complexes changes by an order of magnitude of 1.5.
The inﬂuence of the nature of the precursor on the composition
and morphology of Ni-containing ﬁlms has been shown. Two com-
plexes, Ni(i-tmhd)2 and Ni(pda)(tmhd)2, were chosen as precursors
for MOCVD experiments. Ni(i-tmhd)2 was tested for MOCVD ﬁlm depo-
sition for theﬁrst time. According to XRD data, an increase in deposition
temperature leads to an increase in the intensity of the fcc-Ni phase
peak in the case of samples deposited fromNi(i-tmhd)2, and an increase
in the intensity of the Ni3C phase peak in the case of samples deposited
from Ni(pda)(tmhd)2 [32]. According to XPS data, the ﬁlms deposited
from both precursors at Ts = 270 °C consist mainly of a Ni phase with
insigniﬁcant contamination from the Ni3C phase. The ﬁlm deposited
from Ni(i-tmhd)2 was found to be less contaminated with oxygen
impurities as compared to the ﬁlm deposited from Ni(pda)(tmhd)2.
Ni ﬁlm deposited fromNi(pda)(tmhd)2 at Ts = 210 °C demonstrated
a ﬁne-grained surface relief with average grain size 35 nm and low
resistivity (0.3182⋅10−6 Ω ∗ m).
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